Background: Prostate is susceptible to infection and pro-inflammatory agents in a man's whole life. Chronic inflammation might play important roles in the development and progression of prostate cancer. Mesenchymal stem cells (MSCs) are often recruited to the tumor microenvironment due to local inflammation. We have asked whether stimulation of MSCs by pro-inflammatory cytokines could promote prostate tumor growth. The current study investigated the possible involvement of MSCs stimulated by pro-inflammatory cytokines in promotion and angiogenesis of prostate cancer through relative pathway in vitro and in vivo. Methods: A syngeneic mouse model of C57 was established. The murine prostate cancer cells (RM-1) mixing with MSCs treated with tumor necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ) or vehicle were subcutaneously injected into C57 mice. Tumor volume of C57 mouse model was estimated and serum level of platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) was test by Enzyme-linked Immunosorbent Assay (ELISA). A hen egg test-chorioallantoic membrane (HET-CAM) assay was applied to test the effect of conditioned media of stimulated MSCs in chorioallantoic membrane angiogenesis. Short interfering RNA (siRNA) knocked down either hypoxia-inducible factor-1alpha (HIF-1α) or nuclear factor-erythroid-2-related factor 2 (NRF2) were employed. mRNA of PDGF and VEGF in MSCs, as well as NRF2 and HIF-1α was test by Real time polymerase chain reaction (PCR) analyses. Protein expression levels of PDGF and VEGF from conditioned medium, NRF2, HIF-1α, as well as PDGF and VEGF in MSCs were detected by Western blot analysis. Results: MSCs treated with TNF-α and IFN-γ promote tumor growth in C57 syngeneic mouse model, correlating with increased serum level of PDGF, VEGF. HET-CAM assay shows the angiogenic effect of conditioned medium of MSCs pre-treated with the pro-inflammatory cytokines. mRNA and protein levels of two pro-angiogenic factors (PDGF and VEGF) and key hypoxia regulators (HIF-1α and NRF2) in MSCs were induced after MSCs' pretreatment. siRNA knockdown either HIF-1α or NRF2 results reduction of PDGF and VEGF expression. Conclusions: MSCs stimulated by pro-inflammatory cytokines increase the expression of PDGF and VEGF via the NRF2-HIF-1α pathway and accelerate prostate cancer growth in mice.
Background
Prostate cancer (PCa) is the first most frequently diagnosed type of cancer and the second most common cause of cancer death in men in the United States [1] . Growing evidence suggests that chronic inflammation might play important roles in the development and progression of PCa [2] . Consistently, lymphocytes infiltration and raised production of pro-inflammatory cytokines are commonly found in prostate cancer [3, 4] .
Solid tumors are believed to be composed of tumor cells and non-tumorous, supportive cells that are commonly termed "tumor stroma". Tumor stroma include cancer-associated fibroblasts, bone marrow-derived mesenchymal stem cells (BM-MSCs), smooth muscle cells, and various inflammatory cells such as lymphocytes, endothelial cells, macrophages [5] . These cells, as a whole, are known as tumor microenvironment, which has profound impact on cancer progression. Stromal cells can influence tumor growth and invasion through direct contact or the production of cytokines, growth factors and chemokines [6] [7] [8] . For example, several proinflammatory cytokines, including interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), transforming growth factor beta (TGF-β), and interleukin-10 (IL-10), have been shown to contribute to both the initiation and development of cancer [9] [10] [11] .
Lately, the status of one class of stromal cells, the mesenchymal stem cells (MSCs), during cancer progression is emerging. MSCs, also known as multipotent adult stem cells of mesodermal germ layer origin, are multipotent stromal precursors that possess an innate ability for selfrenewal and differentiation into cells of the osteogenic, adipogenic, and chondrogenic lineages. MSCs are often found in tumors of an inflammatory microenvironment, such as those in prostatic lesions. Studies have shown that MSCs modulate many aspects of tumorigenesis including tumor proliferation, angiogenesis, migration and metastasis and generate an immunosuppressive microenvironment [12] . Among them, angiogenesis of tumor is a major factor in tumor growth and progression.
Hypoxia is a common phenomenon at the site of tissue inflammatory [13] . Hypoxia is also considered a crucial promoting factor for angiogenesis through induction of hypoxia-inducible factor-1alpha (HIF-1α). Therefore, we hypothesis HIF-1α may be implicated in inflammation, whose overexpression can activates vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) that facilitate the tumor angiogenesis. Nuclear factor-erythroid-2-related factor 2 (NRF2) is a upstream regulator of HIF-1α and plays a critical role in the cellular defense against oxidative stress [14] . Emerging data has revealed that NRF2 might not only protect normal cells from transforming into cancer cells, but also promote the cancer cells' survival. NRF2 expression was shown to correlate with the tumorigenesis and progression of many tumors, including hepatocellular carcinoma [15] , esophageal squamous cancer [16] , colon tumor [17] , and advanced lung cancer [18] . However, the precise role of NRF2 in inflammation and tumor angiogenesis remains unclear.
Considering the inherent tropism of MSCs for tumor tissue based on the inflammatory microenvironment and the pivotal role of chronic inflammation in the initiating and promoting of PCa [19, 20] , we hypothesized that MSCs might play a significant role in development of PCa in the tumor microenvironment, possibly through promoting the formation of tumor vasculature.
In current study, we show that MSCs stimulated with the pro-inflammatory cytokines promote prostate tumor growth in mice and vasculature formation in chicken embryos. We further show that treatment of proinflammatory cytokines results in increased mRNA and protein levels of two key hypoxia regulators (HIF-1α and NRF2) in MSCs, and in increased mRNA and supernatant protein level of pro-angiogenic factors (PDGF and VEGF) of MSCs as well. The induction of PDGF and VEGF is not observed when the expression of HIF-1α and NRF2 is abolished. These results suggest a model that MSCs in an inflammatory microenvironment promote prostate cancer growth through increased angiogenesis by producing PDGF and VEGF in an NRF2-HIF-1α-dependent manner.
Methods

Cells and animals
RM-1, a murine prostate cancer cell line, was obtained from Tumor Immunology and Gene Therapy Center, Eastern Hepatobiliary Surgery Hospital (Shanghai, China). The cells were cultured in RPMI-1640 (BI) with 10% fetal bovine serum (FBS), supplemented with 2 mM Lglutamine and antibiotics (100 mg/ml of streptomycin and 100 units/ml of penicillin, all from Invitrogen), and in a humidified atmosphere at 37°C with 5% of CO 2 . Cells were re-expended every 3 days in 70-80% confluence.
Male C57 mice (4~8-week old) were purchased from the Shanghai Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China). C57 mice were housed in pathogen-free conditions, and used to obtain MSCs. PCa model was established by using C57 mice as well. All procedures were performed upon the guidelines of the Committee on Animals of the Chinese Academy of Sciences. All animal studies were approved by the Experimental Animal Ethics committee of the Guangxi Medical University.
MSCs, which were obtained from bone marrow flushed out of the tibias and femurs of 4~6-week old C57 mice as described before [21] , were cultured in α-minimal essential medium supplemented with 2 mM L-glutamine, 10% FBS and antibiotics (100 μg/ml streptomycin and 100 U/ml penicillin, both from Invitrogen). Non-adherent cells were removed after 72 h; while the rest adherent cells were maintained in media replenished every 3 days. Three passages later, about 3 × 10 6 cells per mouse were obtained, and considered as purified MSCs and identified by adipocytes and osteoblasts differentiation as described in our previous studies [22] [23] [24] . Cells were used of their the 5th to 20th passage [25] . The MSCs were treated with vehicle or TNF-α and IFN-γ (20 ng/ml each, PeproTech) for 12 h before being collected for next step in vitro and in vivo experiments. 
Conditioned medium
Being stimulated with TNF-α and IFN-γ (both 20 ng/ml) for 12 h, the culture medium of MSCs was replaced with fresh dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM F-12). And then being cultured for an additional 24 h, the conditioned medium was harvested and filtered through a 0.22 μm filtrator.
Chorioallantoic membrane Angiogenic assay
This assay was performed follow a described method before [26] . Twenty chicken embryos which had hatched for 8 days, were randomly divided into two groups (10 for each group). After another 8 days hatching later, the air chambers of these chicken embryos were reopened. The number of each BV type was double blindly detected by three investigators following the criterion described before [27, 28] .
RNA extraction, reverse transcription, and real time PCR analyses
Total cellular mRNA was extract using Trizol Reagent (Invitrogen, Carlsbad, CA, USA). A 2 μg of total RNA was used to synthesize cDNA employing MMLV reverse transcriptase (Promega, WI, USA) and oligo dT-primers. PCR amplification was performed using 2 μL aliquots of cDNA. Real-time RT-PCR was carried out in triplicate using the SYBR PrimeScript RT-PCR Kit (Takara, Dalian, China). The primer sequences are listed in Table 1 . Thermocycler conditions used as follow: 50°C for 2 min and then 95°C for 10 min, following by a two-step PCR program of 95°C for 15 s and 60°C for 60 s repeated for 40 cycles on an Mx4000 system (Stratagene, La Jolla, CA). The expression of β-actin was used as an internal control for normalization of the amount of RNA input. Normalized mRNA level was shown as fold change relative to the control sample.
Western blot analysis
After washing in PBS solution, total protein of cells was extracted using whole cell lysis buffer (Beyotime). BioRad protein assay was applied to quantify the protein concentration. Immunoblotting was done as previously described [26] . The following antibodies were used: anti-HIF-1α, abti-NRF2 antibodies (1:500 polyclonal; Bethyl), anti-VEGF and anti-PDGF antibodies (1:1000 monoclonal; Abcam), and anti-rabbit peroxidase-conjugated secondary antibody (1:10,000; Sigma).
Enzyme-linked Immunosorbent assay (ELISA)
ELISA assays were carried out using the commercial ELISA kit (VEGF, PDGF; R&D Systems). Assays were performed in technical duplicates and biological triplicates.
Short interfering RNA (siRNA) and transient transfection
Oligoengine software was applied to design two siRNA sequences of HIF-1α and NRF2 (Table 1) . Basic Local Alignment Search Tool (BLAST) was employed to confirm the specificity of these two sequences to their respective targets. Lipofectamine 2000 (Invitrogen) was used to perform transfections according to the manufacturer's instructions. Cells (1-3 × 10 6 ) in a confluence of 50-60% in 10 cm Petri dishes were transfected with siRNAs. These cells were harvested 48 h after transfection for RNA and protein analyses.
Statistical analysis
Student's t-test was applied to compare the mean values of two groups. Statistical analysis was done using GraphPad Prism 5 software. A p-value of less than 0.05 was considered to indicate a statistically significant difference.
Results
MSCs, stimulated with pro-inflammatory cytokines, increase the serum levels of pro-angiogenic factors and promote the growth of RM-1 prostate cancer cells in mice
We sought to elucidate the effects of MSCs on prostate tumor growth after they were stimulated by inflammatory cytokines. RM-1 cells mixing MSCs treated with TNF-α and IFN-γ for 12 h were co-injected C57 mice; RM-1 cells mixing with the MSCs treated with vehicle for 12 h was as the control group. ELISA was applied to measure the serum levels of PDGF and VEGF. Tumor growth volume was measured 14 days after tumor inoculation. As shown in Fig. 1a , the serum levels of VEGF were higher in mice receiving RM-1 cells and MSCs that were pretreated with TNF-α and IFN-γ than in the control group. Similar results were observed in the serum levels of PDGF (Fig. 1b) . Consistently, RM-1 tumor volumes almost doubled in the group of mice that received RM-1 cells and cytokine-pretreated MSCs than in the control group (Fig. 1c and d) . The results show that MSCs treated with TNF-α and IFN-γ promote the yielding of serum VEGF and PDGF and accelerate growth of RM-1 prostate tumors in vivo.
MSCs pretreated with pro-inflammatory cytokines induce the expression of VEGF and PDGF and promote angiogenesis in chicken embryos
We next asked whether MSCs produced VEGF and PDGF in vitro and whether MSCs induce angiogenesis after pretreatment with pro-inflammatory cytokines. We examined the protein levels of VEGF and PDGF in conditioned medium from MSCs treated with TNF-α and IFN-γ or vehicle control. As shown in Fig. 2a and b, TNF-α and IFN-γ pre-treatment raised the protein levels of VEGF and PDGF in the conditioned medium from MSCs. Consistent with increased secretion, the mRNA levels of VEGF and PDGF in MSCs were also increased ( Fig. 2c and d) . We next used a chick Chorioallantoic Membrane (CAM) assay to examine the angiogenic effect of conditioned medium from MSCs pre-treated with the pro-inflammatory cytokines. Conditioned medium from these MSCs were applied to the chick embryo as described in the Methods. The allantoides were fixed on cover slides and the BVs on the slides were counted after 8 days of hatching. As indicated in Fig. 2e and f, the MSC-conditioned medium from cells pre-treated with inflammatory cytokines exhibited stimulating effects in the formation of class I BVs. Moreover, greater stimulatory effect was observed in the formation of class II BVs. All these results indicate that MSCs increase the expression and secretion of pro-angiogenic factors and promote the formation of blood vessel under the stimulation with TNF-α and IFN-γ.
NRF2-HIF-1α signaling controls the production of pro-angiogenic factors in MSCs pre-treated with pro-inflammatory cytokines
So far, we showed that MSCs pre-treated with TNF-α and IFN-γ secreting two important pro-angiogenic factors, VEGF and PDGF. However, the underlying mechanism by which PDGF and VEGF levels increase in response to inflammatory cytokines is unknown. HIF-1α, an important transcription factor responsive to hypoxia, takes effect in the induction of many downstream angiogenesis-mediating genes, including PDGF and VEGF. NRF2 is an upstream regulatory gene of HIF-1α, Fig. 2 MSCs pretreated with inflammatory cytokines promote angiogenesis in chicken embryonic allantoides by producing of VEGF and PDGF. MSCs were pre-stimulated by inflammatory cytokines IFN-γ and TNF-α for 12 h. a and b ELISA analysis of the protein expression of VEGF and PDGF in the supernatant of MSCs. c and d Real-time PCR analysis of the mRNA expression of VEGF and PDGF in MSCs. BVs were broken down into two classes: bole vessels and branches on the bole vessels with vessel diameters not less than 1mm defined as class I BVs; branches on the bole vessels with vessel diameters less than 1mm were defined as class II BVs. e Embryonic allantois microvessels. f Quantification of chicken embryonic allantois microvessel formation. * p < 0.05 and also believed to play an active role in tumor angiogenesis. Therefore, we examined the expression of HIF-1α and NRF2 (in mRNA and protein levels) in MSCs pretreated with TNF-α and IFN-γ. Compared to the control cells, MSCs pretreated with TNF-α and IFN-γ showed a substantial increase in HIF-1α and NRF2 mRNA ( Fig. 3a and b) and protein ( Fig. 3c and d) .
We next asked whether NRF2-HIF-1α signaling is responsible for the induction of PDGF and VEGF in stimulated MSCs. This was achieved by measuring the expression of PDGF and VEGF after reducing the expression of HIF-1α or NRF2 in MSCs pretreated with TNF-α and IFN-γ. To knockdown the expression of HIF-1α, we transfected MSCs with siRNA against HIF-1α. As shown in Fig. 4a , HIF-1α siRNA significantly decreased the expression of HIF-1α mRNA in MSCs. The induction of PDGF and VEGF expression (mRNA and protein) was almost completely blocked in MSCs pretreated with TNF-α and IFN-γ when the expression of HIF-1α was inhibited by siRNA, while the expression of these genes in basal state (without cytokine treatment) did not obvious notable difference between the control and HIF-1α siRNA transfected cells (Fig. 4b and c) . The levels of NRF2 mRNA and protein were insensitive to HIF-1α knockdown, consistent with NRF2 being the upstream regulator of HIF-1α (Fig. 4d) .
Similar knockdown experiments were done to test the requirement of NRF2 on the induced expression of proangiogenic factors after pretreatment with TNF-α and IFN-γ (Fig. 5a) . The mRNA and protein levels of PDGF and VEGF in control or NRF2 siRNA-transfected group did not exhibit an obvious change in control MSCs. However, when MSCs were stimulated previously by TNF-α and IFN-γ, NRF2 knockdown partially blocked the induction of mRNA and protein of PDGF and VEGF ( Fig. 5b and c) . Besides, NRF2 knockdown prevented the induction of expression of HIF-1α (mRNA and protein) (Fig. 5d) . Collectively, these results showed that the NRF2-HIF-1α signaling pathway is required for proinflammatory cytokine-mediated induction of PDGF and VEGF in MSCs.
Discussion
The prostate tissue is susceptible to infection and inflammation during a man's lifetime. Chronic inflammation has been shown as not only an initiating event but also a development factor in prostate cancer. Substantial evidences show that the development of cancers from inflammation might be a process driven by inflammatory cells and a variety of mediators, such as cytokines, chemokines and enzymes, which altogether form an inflammatory microenvironment [29] . The pro-inflammatory chemokines, including Chemokine (C-C motif ) ligand 5 (CCL5 /RANTES), stromal cell derived factor-1 (SDF-1/ CXCL12), and monocyte chemoattractant protein-1 (MCP-1/ CCL2), are often highly expressed in prostate cancer [30, 31] . TNF-α and IFN-γ are significant inflammatory cytokines affect tumor growth. Several studies have reported that TNF-α and IFN-γ synergize in modulating gene expression in some types of cells [32, 33] , including MSCs [34] . The mechanism of this synergy in these two cytokines is not fully understood. It has been reported that C/EBPβ is likely to be a key transcription factor for regulating this synergy [35] . Our Additional file 1 shows the synergy of these two cytokines can result in up-regulation of C/EBPβ in MSCs. MSCs are often recruited to the tumor microenvironment due to local inflammation and may respond to proinflammatory cytokines to affect cancer progression. MSCs can promote tumor growth by increasing tumor vasculature through secreting the pro-angiogenic factors, including TGF-β, VEGF, PDGF, and basic fibroblast growth factor (bFGF). The pro-angiogenic and procancerous effects of MSCs have been reported in a few types of solid cancers such as those from the colon [26] , prostate and breast [36] . Consistent with the previous studies, we have observed that MSCs pre-stimulated by TNF-α and IFN-γ facilitated the growth of prostate cancer in a syngeneic mouse model, this tumor-promoting effect was accompanied by accumulation of VEGF and PDGF in the mouse serum. We showed that MSCs were the likely source of VEGF and PDGF since the mRNA expression and the secretion of these factors were dramatically increased in MSCs after treatment of TNF-α and IFN-γ. Conditioned medium of MSCs pretreated with TNF-α and IFN-γ enhanced angiogenesis in chicken embryonic allantoides. These results indicate that MSCs in the inflammatory microenviroment might produce proangiogenic factors, VEGF and PDGF, to enhance the angiogenesis of tumor and facilitate the growth of prostate cancer. We further showed that the increased expression and secretion of these pro-angiogenic factors required the NRF2-HIF-1α signaling, which was also elevated following treatment of pro-inflammatory cytokines in MSCs.
Angiogenesis is essential for tumor growth, specifically when tumor diameter is greater than 7 mm. As the tumor becomes enlarged, hypoxia is present in the inner side of the tumor. Besides, hypoxia is a common phenomenon at sites of inflammatory lesions and acts as a microenvironmental factor to enhance tumor angiogenesis by inducing HIF-1α and to accumulate reactive oxygen species (ROS) which is a potent inducer of NRF2 [37] . Therefore, NRF2-HIF-1α pathway likely takes effect during inflammation, by inducing the expression of a few pro-angiogenic target genes, including VEGF, PDGF, FGF, angiopoietins [38] . We had previously demonstrated that MSCs pre-treated by inflammatory cytokines such as TNF-α and IFN-γ in the tumor microenvironment express higher levels of VEGF via the HIF-1α signal pathway and promote colon cancer growth by enhancing tumor angiogenesis [26] . In a mouse xenograft model, Ji and co-workers reveal that knockdown of NRF2 inhibits the proliferation and growth of U251MG human glioma cells [39] . These results indicate that the NRF2-HIF-1α pathway might regulate angiogenesis by inducing the expression of PDGF and VEGF in prostate cancer.
In our study, MSCs pre-treated with TNF-α and IFN-γ induced much higher accumulation of HIF-1α and NRF2 protein and increased expression of mRNA of HIF-1α and NRF2. Besides, after knockdown of HIF-1α,the mRNA and protein levels of VEGF and PDGF were dramatically decreased in MSCs pretreated with TNF-α and IFN-γ,while the expression of NRF2 mRNA and protein did not change significantly. However, NRF2 blockade could down-regulate the mRNA and protein levels of VEGF, PDGF and HIF-1α. These findings indicate that the cross-talk between HIF-1α and NRF2 is responsible for inducing the expression of pro-angiogenic factors in MSCs pretreated with TNF-α and IFN-γ. Besides PDGF and VEGF, other factors might take effect in regulating tumor angiogenesis through NRF2-HIF-1α signaling pathway.
In the tumor microenvironment, MSCs also secrete a panel of growth, immunomodulatory, and signaling molecules, such as CCL5, CCL2, TGF-β, VEGF, IL-6, and IL-10, which may play role in angiogenesis. IL-8, also known as a pro-inflammatory chemokine, has been reported to play an active role in tumor angiogenesis in several tumors, including uterine cervical cancer, colon cancer, and pancreatic cancer [40] [41] [42] . IL-8 has been reported to be down-regulated by HIF-1α, while upregulation of NRF2 could reverse the blocking effect of HIF-1α on IL-8 [43] , suggesting that NRF2 may be involved in tumor angiogenesis through the IL-8 pathway. Our results provide new evidence that knockdown of NRF2 can suppress tumor angiogenesis by decreasing transcriptional activity of HIF-1α and inhibiting the expression of PDGF and VEGF gene. Moreover, the role of NRF2 cross-talk with HIF-1α in tumor angiogenesis was shown by previous studies. Ji et al. demonstrated that knockdown of NRF2 suppresses glioblastoma angiogenesis by inhibiting hypoxia-induced activation of HIF-1α [44] . Another study suggested that knockdown of NRF2 suppressed colon cancer growth in a mouse xenograft setting and was accompanied by a decrease in blood vessel formation and VEGF expression [17] . Collectively, these studies have shown that NRF2 inhibition can suppress tumor angiogenesis, possibly through inhibiting hypoxia-induced activation of HIF-1α signaling. More studies are required to reveal the precise mechanisms of NRF2 in tumor angiogenesis.
Conclusions
In summary, our studies suggest that MSCs might promote prostate cancer growth in the inflammatory microenviroment through producing higher levels of PDGF and VEGF through the HIF-1α pathway and facilitating tumor angiogenesis. Knockdown of NRF2 decreases HIF-1α expression and inhibits the induction of pro-angiogenic factors following. Therefore, the pro-angiogenic effect of MSCs via the NRF2-HIF-1α pathway likely contributes to cancer growth in an inflammatory tumor environment. Our study suggests that NRF2 targeted therapy might be useful in treating prostate cancer. 
